This study examined the impacts of varnishing after impregnation with boron compounds on combustion properties of oriental beech. The test samples prepared from oriental beech (Fagus orientalis Lipsky) wood were impregnated according to ASTM D 1413-76-99 with boric acid (Ba) or borax (Bx) using a vacuum technique. After impregnation, one of six varnishes (cellulosic (Cv), synthetic (Sn), polyurethane (Pu), water-based (Wb), acrylic (Ac) or acid-hardening (Ah) was applied in accordance with ASTM D 3023 coated surfaces. After treating, varnishing and conditioning, the combustion properties of samples were determined according to ASTM E 160-50. Combustion temperatures for Bx and Wb were highest when testing without flame source combustion (WFSC), while Ba and Pu exhibited the lowest temperature when testing for flame source combustion (FSC). For the combination of combustion type, impregnation material and varnish type, combustion temperature was the highest for WFSC + boric acid + water-based varnish, but the lowest for WFSC + boric acid + synthetic varnish. As a result, the tested varnishes showed an increasing impact, but boron compounds (Ba and Bx) showed a decreasing impact on the combustion properties of beech. In conclusion, for usage areas having a high risk of fire, impregnation of wood material with boron compounds before varnishing will decrease combustion temperature and provide some degree of security.
INTRODUCTION
Due to the sensitivity of wood materials to fire, architects, construction element designers and furniture and wood producers seek methods of increasing the resistance of wood material against fire. In addition to known combustion properties, it is important to determine the effects of impregnation and other processes on fire resistance.
Wood and wood-based materials are primarily composed of carbon and hydrogen. For this reason, they are combustible (Chin-Mu and Wang, 1991) . When heated, wood burns by producing flammable volatiles that may ignite. For wood to spontaneously combust, the temperature must be raised to 275°C (Levan and Widany, 1990) . Two types of "combustion" are often evaluated with woody materials, low temperature charring (non-flaming combustion) and higher temperature flaming combustion. The former usually occurs without an open flame and at temperatures in the 260 to 290°C range, the later occurs at higher temperatures.
For wood ignition, oxygen (O 2 ), a flame source and flammable material are necessary. However, wood actually has excellent natural fire resistance because of its remarkably low thermal conductivity and the fact that, wood char is formed when wood is burned. To reduce flammability and provide additional fire safety, wood is sometimes treated with fire-retardant chemicals. That is, the combustibility of wood can be reduced with the use of flame-or fire-retardants (Goldstein, 1973; Browne, 1963) Wood materials have better properties than many construction materials, but it is not possible to make them incombustible. It is well recognized that processing wood with some chemical treatments increases fire resistance and combustion properties. For this purpose, ammonium sulphate, ammonium chloride, dicyandiamide, borax, boric acid and various phosphorous compounds (for example, phosphoric acid, monoammonium and diammonium phosphates) have historically been used (Atar et al., 2004) .
Large-scale construction and furniture, coated only with paint and varnish, have surface protection for only about 2 years. Thus, varnishing and painting after impregnation is important for long-term resistance against biotic and abiotic effects, photochemical degradation, dimensional changes, biological factors and fire (Evans et al., 1992; Williams et al., 1996) . Painting and varnishing with waterrepellent chemicals after impregnating with boron compounds makes wood more resistant to in-service environmental degradation (Harrow, 1991) . Impregnating with a solution of copper, chrome and salt can make wood more resistant to degradation from environmental effects (Sell and Feist, 1985) . For many years, before recent concerns about combustion properties, a common method for protection wood material was to use a 15% solution of paraphine + boric acid (Ba) + borax (Bx) (Feist, 1988) . High doses of boron compounds are the preferred method today. Keskin (2007) stated that, considering the interaction of combustion type and impregnation materials, the lowest thermal degradation values were obtained in samples impregnated with Bx and imersol-aqua solutions, containing 0.5% w/w tebuconazole, 0.5% w/w propiconazole, 0.1% w/w 3-iodo-2-propynl-butyl carbamate and 0.5% w/w cypermethrin. Borax in flame source combustion (FSC) and imersol-aqua in without flame source combustion (WFSC) showed a decreasing impact on the combustion properties of the laminated veneer lumber (LVL), produced by a combination of European oak (Quercus petreae Liebl.) and Lombardy poplar (Populus nigra Lipsky) veneers, bonded with Desmodur-VTKA (Desmodur-vinyl trie ketonol acetate) (Keskin, 2007) .
The effects of impregnation materials, including sodium perborate, sodium tetraborate, imersol-WR 2000 and tanalith-CBC, on the combustion properties of three-ply laminated wood material produced from Uludag fir (Abies bornmülleriana Mattf.) were investigated. The highest mass reduction in massive wood samples impregnated with tanalith-CBC was determined (Uysal and Ozciftci, 2004) . The investigation of Kolmann (1960) showed that, the thermal degradation of hardwood species was lower than sapwood species for hardwoods containing more sensitive pentozans (Kolmann, 1960) Goldstain (1973) found that, the lignin of spruce started to degrade at 130 to 145°C and cellulose at 156 to 170°C. He also found that, when powdered beech was held at 160°C for 28 days, it lost 80% of its cellulose and in 14 days it lost 2 to 3% of its lignin. Uysal and Ozcifci (2000) tested three layered LVL, produced from polyvinyl acetate (PVAc) adhesive and lime tree, consisting of different core ply, according to the procedure of ASTM E 69 combination standards. They found the highest amount of ash and unburnt wood were obtained in LVL consisting of lime tree. Yalinkilic and Ors (1996) studied impregnation of Uludag fir (A. bornmülleriana Mattf.) wood with boron compounds and polyethylene glycol (PEG)-400. They tested those samples using standard laboratory combustion tests. PEG-400-treatment had little influence on combustion properties, while the boron compounds were more effective.
In this study, we determined the influence of coating with various varnishes after impregnation with two common fire-resistant boron compounds (boric acid and borax) on the FSC and WFSC properties of oriental beech.
MATERIALS AND METHODS

Wood material
Oriental beech (Fagus orientalis Lipsky) wood was selected as a test material because of its wide use in industry. Special attention was given to the selection of wood materials, which were straightgrained, free of knots and exhibited no reaction wood, decay or insect damage as specified in TS 2470 (1976) .
Varnishes
Cellulosic (Cv), synthetic (Sn), polyurethane (Pu), water-based (Wb), acrylic (Ac), and acid-hardening (Ah) varnishes were used. Application procedures followed the manufacturer's recommendations. The amount of varnish applied was determined on a solids basis, as defined by the manufacturer's label. Technical specifications of varnishes are given in Table 1 (Dewilux et al., 1996) .
Impregnation materials
Boron compounds (boric acid and borax) were obtained from Etibank-Bandirma (Turkey) boric acid factory. The properties of boric acid (H3BO3) are 56.30% ½ B2O3, 43.70% H2O, with a molecular weight of 61.84 g/mol, a density of 1.435 gcm -3 and melting point of 171°C. Borax (Na2B4O7.5 H2O) content was 21.28% Na2O, 47.80% B2O3 and 30.92% H2O, with a molecular weight of 291.3 g/mol, a density of 1.815 gcm -3 and a melting point of 741°C (Ors et al., 2006) . 
Preparation of test samples
The rough-cut beech drafts used for the preparation of test and control samples were cut from the sapwood parts of beech lumber with dimensions of 20 × 20 × 500 mm and conditioned at 20±2°C and 65±3% relative humidity until they maintained a constant weight. The final test samples, with a dimension of 13 × 13 × 76 mm, were cut from these drafts before impregnation and varnishing. The test samples were impregnated with 5.5% boric acid or 5% borax, according to ASTM D 1413 ASTM D -76-99 (2005 . Accordingly, the samples were exposed to a 700 mmHg prevacuum for 60 min and then held in either a Ba or a Bx solution at normal atmospheric pressure for 60 min to allow the treating solutions to diffuse into the impregnated materials. The processes were carried out at 20±2°C. Retention of impregnation material (R) was calculated by the formula:
Where, G is the amount of impregnation solution absorbed by the samples; T2 is the sample weight after impregnation; T1 is the sample weight before impregnation; C is the concentration (%) of the impregnation solution; V is the volume of the sample. Impregnated test samples were kept at 20±2°C and 65±3% relative humidity until they reached constant weight (moisture equilibrium). Test samples were varnished according to ASTM D 3023 (1998) . The surfaces of the samples were sanded with abrasive papers (silicon carbide, P180C-QB, waterproof, English abrasives, Atlas Brand, England) to remove the fiber swellings and dust was removed before varnishing. The manufacturer's recommendations were followed for the composition of solvent, hardener ratio and whether one or two finishing layers were applied after sanding. Spray nozzle distance and pressure were adjusted according to the manufacturer's instructions and moved in parallel to the specimen's longitudinal surface at a distance of 20 cm. Varnishing was done at 20±2°C and 65±3% relative humidity. Layer thicknesses of varnishes were determined to be 98 µm in cellulosic varnish, 99 µm in synthetic varnish, 102 µm in polyurethane varnish, 88 µm in water-based varnish, 103 µm in acrylic varnish and 100 µm in acid-hardening varnish.
Combustion test
Combustion tests were done in combustion test devices according to ASTM E 160-50 (1975) standards. Accordingly, before the combustion test, impregnated samples were conditioned at 27°C and 30% relative humidity in a conditioning room until reaching 7% relative humidity. Every sample group was weighed before the test and stored on a wire stand. Samples on every stand were placed vertically on the stand with respect to the samples below and above. Distance between samples and the fire-flame outlet was fixed at 25±1.3 cm when the device was empty and gas pressure was fixed at 0.5 kg cm -2 in the manometer. When ignited, the test temperature was set at 315±8°C in the funnel, using a calibrated thermocouple. The flame source was centered below the sample pile and the flame source combustion was continued for three minutes. After extinguishing the flame source, subsequent evaluation of flame spread (charring) without open-flame source combustion was carried out. Temperatures during combustion (°C) were determined with a thermometer (Figure 1 ).
Statistical analyses
Using one type of wood, two types of combustion, two types of impregnation material and one control sample, six types of varnish and one control sample, a total of 126 samples (2 × 3 × 7 × 3) were prepared with three samples for each parameter. Multiple variance analysis was used to determine the effects of impregnation materials and varnishes on FSC and WFSC. The Duncan test was used to determine the significance of differences between groups.
RESULTS AND DISCUSSION
Retention and varnish levels
The retention amount of the impregnation material is given in Table 2 . The retained amount of the impregnation material was found to be higher with boric acid than borax. A reason for the higher amount of retention with boric acid might be the high concentration of the solution.
Combustion temperature
Average temperature values for each combustion type varied according to impregnation material and varnish types and are given in Table 3 . The relative WFSCcombustion temperatures were determined as the highest temperature measured without flame source combustion. WFSC temperatures were highest for borax treatment, followed by water-based varnish and the lowest in boric acid treatment with polyurethane varnish. The combustion temperature in the impregnation treatment was 16% lower in boric acid samples and 11% lower in borax samples, compared with control specimen. Accordingly, impregnation materials can decrease the combustion temperature. Indeed, boron compounds showed a decreasing impact on the combustion properties of the laminated wood materials, produced by a combination of beech and poplar veneers, bonded with desmodur-VTKA (Desmodur-vinyl trie ketonol acetate) (Keskin et al., 2009) . The combustion temperature, according to control specimen in the varnishing process were 5% higher in Cv, 12% higher in Wb, 3% lower in Pu and approximately equal for Ac, Ah and Sn. Temperature values showed differences, depending on the varnish.
Average temperature values according to combustion Table 4 . According to combustion temperature and impregnation material combination, combustion temperature was highest in the FSC (I) + Bx combination (443.1°C) and lowest in the WFSC (II) + Ba (413.2°C). Impregnation materials showed a decreasing effect on the combustion temperature values of FSC and WFSC at a rate of 11 and 20% in Ba and 8 and 15% in Bx, respectively. The combustion temperatures based on impregnation material and varnish types were highest in Bx + Cv (523.30°C) and lowest in Ba + Sn (369.6°C). The combustion temperatures of varnished samples without impregnation were higher than impregnated and varnished samples, except Bx + Cv. Accordingly, impregnation materials decreased the increasing properties of varnishes. Impregnation materials showed a decreasing effect for combustion temperatures in Sn, Pu, Wb, Ac and Ah varnishes, measured at 29, 1, 8, 22 and 28% for Ba and 15, 8, 9, 14 and 12% for Bx, respectively. With the Cv varnish, a 14% decrease for Ba and a 10% increase for Bx was observed.
Results of multiple variance analysis for the impact of combustion type, impregnation material and varnish type on combustion temperature value are given in Table 5 .
Effects of combustion type, impregnation material and varnish type on combustion temperature have been found to be important for the effect of variance sources (α = 0.05). Duncan test results, given in Table 6 , indicated the differences between the groups.
The combustion temperature value was the highest in the II + synthetic varnish combination but the lowest in the II + polyurethane varnish for varnished wood material without impregnation. For samples varnished after impregnation, the temperature was the highest in WFSC varnished with water-based varnish after impregnation with boric acid, but lowest in WFSC varnished with synthetic varnish after impregnation with boric acid (Figure 2 ).
Conclusions
The application of certain varnishes effectively enhanced fire resistance of two types of borate-treated beech LVL.
Combustion temperatures were highest when tested without flame source combustion (WFSC) for boric acid treatments using a water-based varnish (595.9°C).
Combustion temperatures were lowest when tested with flame source combustion (FSC) for boric acid treatments with a synthetic varnish (320.9°C). As a result, it appears that impregnation of wood material with appropriate boron treatment, followed by subsequent varnishing, will further increase combustion temperatures and provide additional fire resistance and a degree of security. 
